Objectives: Uncoupling protein-2 (UCP2), a mitochondrial anion transporter involved in mitochondrial uncoupling, limiting reactive oxygen species formation, is significantly downregulated in kidneys of high-salt-fed stroke-prone spontaneously hypertensive rat (SHRSP), where it associates with increased renal damage occurrence.
A differential expression of uncoupling protein-2 associates with renal damage in stroke-resistant spontaneously hypertensive rat/stroke-prone spontaneously hypertensive rat-derived stroke congenic lines [1] . The key role of UCP2 in mediating mitochondrial uncoupling and limiting reactive oxygen species (ROS) formation is revealed by the pathological consequences of its lack. In vitro, UCP2 silencing in a rat renal cell line led to increased apoptosis, ROS accumulation, and inflammation with reduced cell viability [2] . In vivo, the UCP2-knockout mouse model showed shorter lifespan and severe vascular dysfunction [3] . Moreover, UCP2 inhibition was associated with several pathological phenotypes in both animal models and in humans [4] [5] [6] [7] . Consistently, UCP2 overexpression restored vascular function [8, 9] .
A significantly reduced UCP2 gene and protein expression associates with increased renal injury in the animal model of stroke-prone spontaneously hypertensive rat (SHRSP) under high-salt/low-potassium dietary feeding, the Japanese style diet [2] . Furthermore, UCP2 stimulation by Brassica oleracea sprouts extract counteracted the renal damage of high-salt-fed SHRSP [10] . The latter represents a suitable model of hypertensive vascular damage for the human disease [11] . Of note, renal damage precedes stroke occurrence, suggesting common underlying mechanistic pathways [12, 13] . Interestingly, UCP2 falls within the LOD score peak of a stroke quantitative trait locus (QTL) identified on rat chromosome 1 (STR1) in the SHRSP [14] . Therefore, UCP2 becomes a strong candidate for the higher susceptibility to both renal and cerebrovascular disease development of SHRSP. Dissecting out the pathogenetic link between UCP2 and renal injury may contribute to improve our understanding of the molecular basis of organ damage associated with hypertension.
In the attempt to reinforce the evidence that UCP2 contributes to renal injury in the SHRSP model, we explored the possibility that a differential UCP2 gene and protein expression may associate with renal damage in two distinct STR1/stroke congenic lines, derived from SHRSP and stroke-resistant spontaneously hypertensive rat (SHRSR) strains, previously shown to carry a stroke-related phenotype strongly dependent on the genes contained within the introgressed (D1Rat134-Mt1pa) chromosomal segment [15] .
MATERIALS AND METHODS

Animals
The following rat lines were used: SHRSP, SHRSR, SHRsp.SHRsr-(D1Rat134-Mt1pa), and SHRsr.SHRsp-(D1Rat134-Mt1pa). The latter two lines are congenic lines carrying the 56-Mbp long (D1Rat134-Mt1pa) chromosomal segment of STR1/QTL in the SHRSR configuration within the SHRSP genomic background, SHRsp.SHRsr-(D1Rat134-Mt1pa), and, vice versa, in the SHRSP configuration within the SHRSR genomic background, SHRsr.SHRsp-(D1Rat134-Mt1pa). UCP2 maps within the (D1Rat134-Mt1pa) chromosomal segment of STR1. A detailed description of the congenic lines preparation, performed in collaboration with Prof Norbert Hubner, Max-Delbruch Center for Molecular Medicine, Berlin, Germany, has been previously reported [15] . All rats were maintained at the animal facility of the Neuromed Institution in strict compliance with the guidelines set forth by the American Physiological Society. Animal protocols were approved by the Institutional Animal Care and Use Committee of the Neuromed Institution. Climate was controlled, and temperature was set at 22 8C. Diurnal 12-h cycles were kept automatically. Animals were housed two or three per cage with free access to regular rat chow (containing 22% protein, 2.7 mg/g Na þ , 7.4 mg/g K þ , and 0.05 mg/g methionine) and tap water, unless stated otherwise. The Japanese diet contained 17.5% protein, 3.7 mg/g K þ , 0.03 mg/g methionine (Lab. Piccioni, Milan, Italy), and 1% NaCl was added to drinking water.
Experimental design
At 6 weeks of age, Japanese diet was initiated and maintained throughout the remainder of the experiment (2 months) in all rat lines (n ¼ 20 for SHRSP and n ¼ 15 for the other rat lines). At 4, 6, and 8 weeks of Japanese diet, groups of three to five rats (depending on the stroke survival rate) were housed in metabolic cages for the 24 h urine collection; then SBP, body weight, and urinary proteins levels were measured. Finally, rats were sacrificed by cervical dislocation; one kidney was removed and immediately frozen for total RNA, total proteins extraction, and mitochondrial function analysis; the other kidney was fixed on Carnoy reagent (Merck, Darmstadt, Germany) for histological analyses. At both 6 and 8 weeks of Japanese diet, available rats of all lines were used for the glomerular filtration rate (GFR) assessment.
An additional group of five rats of each strain was maintained on regular diet for 4 weeks and used as control for the 4-week Japanese diet-fed rats. Animals were sacrificed, and kidneys were removed for the purposes reported above.
Rats were weighted regularly throughout the experiment. SBP was measured in conscious, restrained rats at 2-week intervals by tail-cuff plethysmography (BP 2000; Visitech Systems, Apex, North Carolina, USA). Multiple SBP measurements were made by the same operator at each time point, as a rule between 1000 and 1400 h; the mean value was taken as the representative SBP level. Urinary protein concentration was measured according to the Bradford method [16] . Parallel occurrence of stroke throughout the 2 months of experimental time was monitored by evidence of clinical signs (weight loss, paresis of limbs, epilepsy, and sudden death).
Characterization of renal UCP2 gene and protein expression, nuclear factor kappa-lightchain-enhancer of activated B cells protein expression, oxidized total protein levels, mitochondrial function, and markers of renal damage in the two congenic vs. the two parental rat lines Total RNA and proteins were extracted from kidneys of both regular diet-fed (4 weeks) and Japanese diet-fed (4, 6, and 8 weeks) rats by previously reported procedures [2, 10] . Analysis of UCP2, cubulin, megalin, and nephrin gene expression was performed by real-time PCR (RTPCR) of cDNA using specific oligonucleotides [2, 10] . Western blotting was used to detect UCP2 and nuclear factor kappalight-chain-enhancer of activated B cells (NF-kB) protein expression levels with the specific primary antibodies [2, 10] . Total oxidized protein levels were detected in all kidney samples by following previously reported procedures [2, 10] . ATP levels were determined after isolation of mitochondria from whole rat kidneys (n ¼ 3 for each experimental condition) by using the mitochondria isolation kit for rodent tissue (Abcam, Cambridge, Massachusetts, USA). ATP levels were assessed on 250-500 mg of extracts of each sample by using the ATP determination kit (Invitrogen, Milan, Italy). Chemiluminescent signals were read with the fluorimeter and normalized for protein concentration of cell lysates.
Assessment of renal damage in the two congenic vs. the two parental rat lines At both 6 and 8 weeks of Japanese diet, the following analyses were performed in the four rat lines.
Histological and immunohistochemical analyses
Paraffinized coronal sections (8 mm) of renal tissue fixed in Carnoy reagent were used for staining with hematoxylin/ eosin and for proliferating cell nuclear antigen (PCNA) immunostaining studies. For the latter, the deparaffinized slices were incubated overnight at 4 8C with primary rabbit anti-PCNA (1 : 300; Dako, Glostrup, Denmark) followed by incubation with Alexa Fluor 555 goat secondary antibody for 2 h at room temperature. The slides were incubated with Hoechst 33258 nuclear staining (2.5 mg/ml; Invitrogen) for 15 min and mounted using fluorescent mounting medium (Dako). Three representative microphotographs (430 Â 320 mm) of three nonconsecutive kidney sections from at least three rats were acquired at fixed exposure times by means of an inverted microscope (Axiovert 200; Zeiss, Jena, Germany). The number of PCNApositive cells was counted by using the freely available image-processing program FIJI (ImageJ). In the sections stained with hematoxylin/eosin, the extent of glomerular damage was expressed as the percentage of glomeruli with sclerotic lesions. Tubular atrophy and luminal cast formations were assigned separate scores ranging from 0 to 3 (absent, mild, moderate, and severe changes), and the scores were combined to obtain a mean tubular damage score, as previously described [17] . All histological analyses were performed by the same pathologist, who was unaware of the nature of the experimental groups.
Proteinuria studies These procedures were previously described [18] . Briefly, one-dimensional electrophoresis (1-DE) of 3.75 g of urinary proteins (n ¼ 5 samples for each group), concentrated by means of TCA-acetone precipitation, was run in the presence of SDS without sample reduction in a discontinuous buffer system on 4-20% polyacrylamide gels. Densitometry was performed using Quantity One version 4.5.2 (Bio-Rad Laboratories, Hercules, California, USA) to evaluate the percentage of high molecular weight (HMW) proteins' density.
Glomerular filtration rate measurement
To determine GFR values in the four rat lines, we used blood and urine collected from SHRSP (n ¼ 4) and from its derived congenic line SHRsp.SHRsr-(D1Rat134-Mt1pa) (n ¼ 4) at 6 weeks of Japanese diet. Moreover, blood and urine collected from SHRSR (n ¼ 5) and its derived congenic line SHRsr.SHRsp-(D1Rat134-Mt1pa) (n ¼ 5) at 8 weeks of Japanese diet were analyzed. GFR was determined as previously described [10, 19] . For this purpose, creatinine and urea concentrations were measured by the use of commercially available kits (QuantiChrom creatinine assay kit and QuantiChrom urea assay kit; BioAssay Systems, Hayward, California, USA). GFR values were then calculated and normalized to rat body weight. This approach allowed us to compare each parental strain with the corresponding derived congenic line at the most informative experimental time (6 weeks of Japanese diet for the stroke-prone lines and 8 weeks of Japanese diet for the stroke-resistant lines).
In-vitro studies
Isolation of proximal tubular epithelial cells from kidneys of stroke-resistant spontaneously hypertensive rat and stroke-prone spontaneously hypertensive rat strains Proximal tubular epithelial cells (PTECs) were isolated from kidneys of both 6-month-old SHRSR and SHRSP weighting 200-230 g, following previously described procedures [20, 21] . Briefly, once the kidney was removed, the renal medulla was discarded and the renal cortex was minced into small pieces (1 ml) in Hank's balanced salt solution (1Â) and then digested with 2 mg/ml type II collagenase solution (Sigma Aldrich, Milan, Italy) for 1 h at 37 8C. The digested tissue was first passed onto 100-mm cell strainer (BD Falcon, Bedford, Massachusetts, USA) to remove the undigested fragments and then onto 70 and 40-mm cell strainers. These latter ensure the removal of tubular fragments and glomeruli. Then, sieved cells were centrifuged at 800 Â g for 5 min, washed in PBS 1Â and resuspended in epithelial specific medium DMEM-F12 (Gibco, Carlsbad, California, USA), supplemented with 10% fetal calf serum (Gibco), 1Â Insulin Transferrin Selenium (Gibco), 10 ng/ml Triiodo-L-thyronine (Sigma Aldrich), 40 ng/ml hydrocortisone (Sigma Aldrich), and 1Â penicillin/streptomycin (Gibco). Finally, PTECs were cultured in rat-tail collagen (Sigma Aldrich) pretreated culture dishes maintained at 37 8C and 5% CO 2 . The medium was changed every 2 days, and the cells reached 70-80% confluence in about 6 -7 days of culture. To establish the purity of the isolated cells, immunofluorescence was performed by using antibodies against the specific proximal epithelial tubular marker Na þ /H þ exchanger (NHE3) (Thermo Scientific, Waltham, Massachusetts, USA) and the renal collecting duct marker Aquaporin 2 (Thermo Scientific) [22, 23] . Then, Alexa Fluor 488 (Invitrogen) was used for detection by fluorescence. Cell nuclei were stained with 0.5 mg/ml Dapi (Invitrogen) and images when randomly taken with a fluorescence microscope (Zeiss). PTECs were used between passages one and two for all experiments.
Impact of exposure to high-NaCl medium on UCP2 gene modulation and on cell viability in proximal tubular epithelial cells from both stroke-resistant spontaneously hypertensive rat and stroke-prone spontaneously hypertensive rat strains; role of recombinant uncoupling protein-2 For this purpose, 3 Â 10 5 SHRSR and SHRSP-derived PTECs were plated onto six multiwell dishes and treated for 72 h with either complete DMEM-F12 medium (control) or the same medium supplemented with 20 mmol/l NaCl (highNaCl medium). Additional sets of PTECs, either untreated or treated with high-NaCl medium, were exposed for 72 h to rat recombinant UCP2 (10 ng/ml concentration; LSBio, Seattle, Washington, USA) to test the effect of restoring UCP2 level in case of UCP2 gene and protein downregulation upon high-NaCl medium. At the end of the experiments, both total RNA and total proteins were extracted as previously reported [2] . UCP2 gene and protein expression level was assessed by RTPCR and western blot analysis, respectively. Cell viability, apoptosis, and necrosis were monitored by fluorescence-activated cell sorting (FACS) by the use of a FACS Calibur flow cytometer (BD Biosciences, San Jose, California, USA) with propidium iodide and annexin V staining, as previously reported [2] . Protein expression level of the inflammatory marker NF-kB and of the apoptotic marker cleaved caspase-3 was established through the use of western blot analysis with the corresponding primary antibodies (Santa Cruz Biotechnology, Santa Cruz, California, USA) and Cell Signaling Technology (Boston, Massachusetts, USA). Experiments were performed in triplicate.
Statistical analysis
Continuous variables are expressed as means AE SD. Comparisons between two groups were performed using Student t test. One-way analysis of variance (ANOVA) was used to calculate statistically significant differences of the values between different groups. Post-hoc analysis of significant ANOVA results was performed by means of Bonferroni test. Normality of variables' distribution was tested by Kolmogorov-Smirnov test. GraphPad Software (version 12.0; San Diego, California, USA) was used for statistical analysis. A P value of less than 0.05 was considered statistically significant.
RESULTS
SBP, body weight, and proteinuria levels measured in all rat lines throughout the experimental period, along with the percentage of stroke events, are reported in Table 1 . No significant differences were observed with regard to SBP, body weight, and proteinuria levels among the four rat strains at baseline. The three parameters increased significantly over the experimental time in all strains. Body weight increased less in SHRSP as compared with SHRSR and in the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line as compared with the SHRsr.SHRsp-(D1Rat134-Mt1pa) reciprocal line. Total proteinuria levels increased significantly in SHRSP at both 4 and 6 weeks of Japanese diet and, although to a lower extent, in the SHRsp.SHRsr-(D1Rat134-Mt1pa) at both 6 and 8 weeks of Japanese diet.
Based on previous studies, 100% stroke incidence occurs in SHRSP by the 7th week of Japanese diet [15] . Here, we observed 73% stroke occurrence at 6 weeks of Japanese diet. Once the surviving SHRSP rats at 6 weeks of Japanese diet (n ¼ 4) were used for our evaluations, no SHRSP was available for the comparison at 8 weeks of diet. At 8 weeks of Japanese diet, the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line showed 40% stroke occurrence, confirming previous evidence [15] . Figure 1 shows the gene expression level of UCP2 at 4 weeks of regular diet vs. Japanese diet and throughout the whole experimental time in the SHRSP and its derived congenic line (panel a) and in the SHRSR and its derived congenic line (panel b). The corresponding UCP2 protein expression levels of the SHRSP and of its derived congenic line are shown in panel c. The UCP2 protein expression levels of the SHRSR and of its derived congenic line are shown in panel d. As already reported [2, 10] , UCP2 gene and protein expression were differently regulated in the two parental lines at 1 month of Japanese diet. The different behavior between the parental strains upon Japanese diet was maintained for the remaining experimental time (Fig. 1 , panels a and b). Of interest, at each experimental time, the high-salt-fed SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line lost the Japanese diet-dependent UCP2 suppression typical of the SHRSP parental strain of origin and behaved as the SHRSR strain ( Fig. 1, panel a) . The opposite phenomenon was observed in the SHRsr.SHRsp-(D1Rat134-Mt1pa) reciprocal congenic line that showed the Japanese diet-dependent UCP2 suppression typical of the SHRSP strain, from which the introgressed chromosomal segment derives ( Fig. 1, panel b) . Therefore, these findings demonstrate that the specific UCP2 configuration within the introgressed (D1Rat134-Mt1pa) chromosomal segment of STR1 is a key determinant of UCP2 modulation in response to high-salt diet in the two congenic lines. Figure 2 shows ATP levels in the four rat lines throughout the experiment. ATP levels decreased upon Japanese diet in the kidneys of SHRSP but not in those of SHRSR (panels a and b). Notably, ATP levels increased in the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line as compared with the SHRSP strain of origin at each experimental time (Fig. 2,  panel a) . In contrast, ATP levels decreased in the SHRsr.SHRsp-(D1Rat134-Mt1pa) as compared with the SHRSR parental strain of origin at the same experimental times (Fig. 2, panel b) . These findings are consistent with a significant impact of UCP2 gene and protein modulation on mitochondrial function. Figure 3 reports NF-kB (panel a) and oxidized total protein (panels b and c) levels in the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line, as compared with the SHRSP strain of origin, at 4, 6, and 8 weeks of Japanese diet. Both markers were significantly increased in the SHRSP, whereas they returned to normal in the derived congenic line. Figure 4 shows the same parameters in the SHRsr.SHRsp-(D1Rat134-Mt1pa) reciprocal congenic line, as compared with the SHRSR strain of origin. Both markers were significantly increased in the congenic line, but not in the SHRSR parental strain of origin, at 4, 6, and 8 weeks of Japanese diet. Figure 5 reports gene expression levels of megalin (panel a), cubulin (panel b), and nephrin (panel c) as markers of preserved renal structure and function, throughout the experiment in both congenic lines [SHRSP-derived line (a1, b1, and c1); SHRSR-derived line (a2, b2, and c2)] with respect to the relevant parental lines. As expected, the three markers were decreased in the SHRSP strain and increased in the SHRSP-derived congenic line (a1, b1, and c1). On the other hand, these markers were increased in the SHRSR strain and decreased in the SHRSR-derived congenic line (a2, b2, and c2). These findings are consistent with an increased renal damage in the presence of the stroke-prone genetic configuration for the considered chromosomal interval.
Kidney histological and immunohistochemical analyses
The kidneys taken from the SHRSP after 6 weeks of Japanese diet showed severe tubular damage and glomerular sclerosis (Fig. 6 , panels a and c). In the same animals, the expression of PCNA, a marker of active proliferation, was greatly positive in the proximal tubular epithelial and glomerular cells indicating a considerable burst of proliferation in these animals (Fig. 6, panel b) . The semiquantitative analysis of glomerular sclerosis and tubular changes, and the quantification of the PCNA-positive cells at both 6 and 8 weeks of Japanese diet in the kidneys from SHRSP, SHRsp.SHRsr-(D1Rat134-Mt1pa), SHRSR, and SHRsr.SHRsp-(D1Rat134-Mt1pa) are also reported in Fig. 6 , panel c. These data confirm a reduced renal damage in the SHRSP-derived congenic line and an increased renal damage in the SHRSR-derived congenic line.
Composition of urinary proteins
1-DE quantitative analysis of the urinary proteins indicated that the HMW proteins, previously identified as markers of inflammation [24] , represented the 75 AE 5.5% of total proteins excreted in the urine of SHRSP at 6 weeks of Japanese diet (Fig. 6, panel d) . Notably, at 6 weeks of Japanese diet, the percentage of excreted HMW proteins was significantly lower (32.7 AE 4.0%; P < 0.01) in the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line as compared with the SHRSP parental line of origin. Furthermore, it remained close to 50% even after 8 weeks of treatment (53 AE 3.4%), when SHRSP were not any more available for comparison. As expected, the percentage of HMW proteins excreted by SHRSR remained low throughout the experimental time (18.7 AE 1.3 and 24 AE 1.5% at 6 and 8 weeks, respectively). At 6 weeks of Japanese diet, the percentage of HMW detected in the SHRsr.SHRsp-(D1Rat134-Mt1pa) congenic line was similar to that of the SHRSR strain of origin. However, at 8 weeks of Japanese diet, the percentage of HMW in the urine of this congenic line increased significantly with respect to the SHRSR at the same experimental time (P < 0.01).
Glomerular filtration rate assessment in the parental and congenic rat lines
At 6 weeks of Japanese diet, GFR values were 0.23 AE 0.04 ml/ min/100 g in the SHRSP and 0.5 AE 0.03 in the SHRsp.SHRsr-(D1Rat134-Mt1pa) congenic line (P < 0.05 vs. SHRSP). At 8 weeks of Japanese diet, GFR values were 0.45 AE 0.07 ml/min/ 100 g in the SHRSR and 0.21 AE 0.01 in the SHRsr.SHRsp-(D1Rat134-Mt1pa) congenic line (P < 0.05 vs. SHRSR).
In-vitro studies
UCP2 gene/protein modulation by high-NaCl medium and assessment of cell viability, apoptosis, and necrosis in proximal tubular epithelial cells obtained from stroke-resistant spontaneously hypertensive rat and stroke-prone spontaneously hypertensive rat The immunoreactivity to NHE3 staining confirmed the homogeneity and purity of the PTEC cultures obtained from kidneys of SHRSP and SHRSR strains (Fig. 7) . As shown in Fig. 8 , UCP2 gene and protein expression levels were significantly upregulated in the SHRSR/PTECs after exposure to the high-NaCl medium (panels a and b). In contrast, UCP2 gene and protein expression levels were significantly downregulated in the high-NaCl-treated SHRSP/PTECs (panels c and d). Furthermore, although NF-kB and cleaved caspase-3 levels did not change in the high-NaCl-treated SHRSR/PTECs (panel e), both proteins increased significantly in the high-NaCl-treated SHRSP/PTECs (panel f). The percentage of both apoptotic and necrotic cells increased and that of the viable cells decreased only in the high-NaCl-treated SHRSP/PTECs (panel g). Importantly, exposure of the high-NaCl-treated SHRSP/PTECs to recombinant UCP2 led to a significant reduction of both NF-kB and cleaved caspase-3 expression, to a remarkable reduction of the percentage of both apoptosis and necrosis, and to a significant increase of cell viability (panels f and g). 
DISCUSSION
We previously demonstrated that a differential expression of renal UCP2 gene exists in the SHRSP as compared with the SHRSR strain upon high-salt dietary treatment, in association with a remarkable different degree of renal damage between the two strains [2, 10] . In vitro, UCP2 silencing in rat renal mesangial cells led to increased oxidative stress and b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l b a n d 1 b a n d 2 b a n d 3 b a n d 4 b a n d 5 to ta l ns * * * * * * * * * * * * inflammation with reduced cell viability [2] . Consistently, the stimulation of renal UCP2 expression by a B. oleracea sprouts extract prevented the renal damage of high-salt-fed SHRSP [10] .
The current study demonstrates that UCP2 gene and protein differential expression is present in the kidneys of two SHRSR/SHRSP-derived stroke congenic lines carrying the (D1Rat134-Mt1pa) segment of the STR1 stroke QTL , and nephrin (panel c) in the stroke-prone spontaneously hypertensive rat and its derived congenic line (panels a1, b1, and c1) and in the strokeresistant spontaneously hypertensive rat and its derived congenic line (panels a2, b2, and c2) throughout the experiment. For number of samples of each line, refer to Table 1 . Table 1 ).
(where UCP2 maps). In particular, presence of the SHRSP-(D1Rat134-Mt1pa) chromosomal interval within the SHRSRderived congenic line led to a significant downregulation of both UCP2 gene and protein expression upon Japanese diet, differently from what occurs in the SHRSR strain of origin. Viceversa, the introgression of the SHRSR-(D1Rat134-Mt1pa) chromosomal interval into the SHRSP genomic background led to UCP2 upregulation upon Japanese diet, differently from what occurs in the SHRSP strain of origin. Notably, whenever renal UCP2 expression was suppressed by Japanese diet, the mitochondrial function was remarkably impaired; moreover, the NF-kB, a marker of inflammation, as well as the tissue oxidative stress, determined by oxidized total proteins levels, increased. Consistently with the previous findings obtained in the parental rats, the degree of renal damage was significantly increased in the congenic line containing the SHRSP/UCP2, and, vice versa, it was reduced in the congenic line containing the SHRSR/UCP2, as compared with the respective parental strain of origin. The assessment of renal function by GFR measurement, at the most appropriate experimental time for each parental and derived congenic line, confirmed the differences in renal damage depending on the introgressed genomic interval. Based on the fact that apart from UCP2, hundreds of genes and several genetic variations are certainly present within the introgressed chromosomal segment of STR1, we attempted to gain more robust and convincing evidence on the role of UCP2 on renal damage promotion of high-saltfed SHRSP. In this regard, the in-vitro data obtained in primary PTECs isolated from kidneys of SHRSP and SHRSR strains clearly confirmed the in-vivo findings. In fact, these experiments demonstrated that only the SHRSP/UCP2 was significantly downregulated by high-salt exposure of renal proximal tubular cells, and this phenomenon caused cell death. The net improvement of cell viability obtained upon treatment with exogenous recombinant UCP2 provided a straightforward proof of the above observation. An epigenetic modulation of UCP2, in the absence of gene sequence variants between the two parental strains [2] , appears a likely explanation for the differential renal expression of this gene that was confirmed in the current studies. The issue of the mechanisms underlying this phenomenon was not an aim of the current investigation.
Based on our findings, the reduced renal UCP2 expression observed in the SHRSP strain and in the SHRSR-derived congenic line [carrying the (D1Rat134-Mt1pa) segment of STR1 in the SHRSP configuration] may be truly responsible, at least in part, for the kidney damage observed in these strains. Thus, UCP2 becomes a strong candidate gene for renal damage in high-salt-fed SHRSP. We have also recently reported that apart from the high-salt dietary feeding, aging and hypertension are significantly related to UCP2 expression downregulation in the kidneys, brain, and heart of SHRSP, as compared with the SHRSR [25] . Consequently, the modulation of UCP2 expression through the adenosine monophosphate-activated protein kinase (AMPK)/NAD dependent deacetylase sirtuin-1/peroxisome proliferatoractivated receptor-a (PPARa) signaling pathway appears to be a key player in the development of cardiovascular damage of the SHRSP strain in relation to aging, hypertension, and salt loading.
Notwithstanding the available reported evidence, we are aware that other genes mapping within the same chromosomal segment may be also involved in renal damage. In fact, few QTLs for renal damage were reported in the past on rat chromosome 1, partly overlapping our (D1Rat134-Mt1pa)/ STR1 segment [26, 27] . Of note, among other putative candidate genes mapping within this chromosomal area, the one encoding Ndufc2, the mitochondrial protein recently shown to be significantly involved in stroke predisposition of SHRSP [28] , does not show any differential expression in the kidneys of this strain compared with the SHRSR strain (data not shown). Thus, Ndufc2 is less likely to be involved in the pathogenesis of renal damage in the SHRSP. The evidence obtained in the SHRSP with regard to an association between UCP2 and renal damage is consistent with findings achieved in different experimental contexts and also in the human disease. In fact, the key role of UCP2 expression modulation in facilitating the development of renal injury has been described both in vitro in relation to diabetes [29, 30] and in vivo in relation to renal transplantation [31] . A suppression of gene expression was detrimental in each experimental condition, similarly to what occurs in the SHRSP model. A pathogenic link between UCP2 downregulation and increased renal damage was also established in humans [32, 33] . Furthermore, an association between UCP2 gene variants and chronic kidney disease has been reported in human populations [7, 34, 35] .
Consistently, accumulating evidence shows that procedures able to either restore or overexpress UCP2 levels provide a suitable therapeutic approach to combat the cardiovascular damage. Increased UCP2 activity improved stress resistance against oxidative stress in endothelial cells [36, 37] . Consistently, vascular function was restored by UCP2 overexpression [9] . Moreover, it has been reported that UCP2 mediates the endothelial protection due to DPP-4 inhibitor [38] , and that activation of AMPK-dependent UCP2 expression reduced atherogenesis in mice [39] . More importantly, coronary artery disease, a dramatic clinical consequence of atherosclerosis, was shown to be significantly reduced by UCP2 activation in humans [40] . Herein, we demonstrate that, by restoring kidney UCP2 levels in a strain that originally suppresses UCP2 expression upon high-salt diet, as well as by normalizing UCP2 levels in high-salt-treated SHRSP/PTECs with recombinant UCP2, a significant reduction of renal damage and of cell apoptosis/ necrosis, respectively, was achieved, consistently with our previous data [10] . In fact, in a previous study, we showed that the stimulation of renal UCP2 expression by a B. oleracea sprouts extract, administered along with Japanese diet, was able to fully prevent the renal damage development of high-salt-fed SHRSP [10] . On the other hand, the inhibition of the PPARa/UCP2 pathway by a selective PPARa inhibitor restored renal damage despite the parallel administration of the vegetable extract [10] .
In conclusion, our current experimental findings, based on the genetic manipulation approach performed to generate SHRSR/SHRSP stroke congenic lines [15] and on the in-vitro studies with primary cultures of PTECs obtained from the two parental rat strains, strongly reinforce the evidence in favor of an upregulation of UCP2 expression as a useful tool to combat kidney disease associated with hypertension. Overall, our novel results support UCP2 as a key molecular target for therapeutic strategies able to combat efficaciously the burden of cardiovascular diseases in humans.
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Reviewer 1
Using two complementary congenic rat lines derived from SHR and SHR-SP, this study elegantly shows that that low renal UCP2 expression is associated with enhanced susceptibility to renal damage. The data support a role of UCP2 in the development of hypertension-associated organ damage but the study remains largely descriptive. Future studies need to show if there is a causal relationship between low UCP2 expression and renal damage. If so, the renoprotective actions of high renal UCP2 abundance and the mechanisms that cause renal UCP2 downregulation in organisms prone to kidney damage need to be identified Uncoupling protein-2 and renal damage
